Protein synthesis involves the translation of ribonucleic acid information into proteins, the building blocks of life. The initial step of protein synthesis is the binding of the eukaryotic translation initiation factor 4E (eIF4E) to the 7-methylguanosine (m 7 -GpppG) 59 cap of messenger RNAs 1,2 . Low oxygen tension (hypoxia) represses cap-mediated translation by sequestering eIF4E through mammalian target of rapamycin (mTOR)dependent mechanisms 3-6 . Although the internal ribosome entry site is an alternative translation initiation mechanism, this pathway alone cannot account for the translational capacity of hypoxic cells 7,8 . This raises a fundamental question in biology as to how proteins are synthesized in periods of oxygen scarcity and eIF4E inhibition 9 . Here we describe an oxygen-regulated translation initiation complex that mediates selective cap-dependent protein synthesis. We show that hypoxia stimulates the formation of a complex that includes the oxygen-regulated hypoxia-inducible factor 2a (HIF-2a), the RNA-binding protein RBM4 and the cap-binding eIF4E2, an eIF4E homologue. Photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) 10 analysis identified an RNA hypoxia response element (rHRE) that recruits this complex to a wide array of mRNAs, including that encoding the epidermal growth factor receptor. Once assembled at the rHRE, the HIF-2a-RBM4-eIF4E2 complex captures the 59 cap and targets mRNAs to polysomes for active translation, thereby evading hypoxia-induced repression of protein synthesis. These findings demonstrate that cells have evolved a program by which oxygen tension switches the basic translation initiation machinery.
Protein synthesis involves the translation of ribonucleic acid information into proteins, the building blocks of life. The initial step of protein synthesis is the binding of the eukaryotic translation initiation factor 4E (eIF4E) to the 7-methylguanosine (m 7 -GpppG) 59 cap of messenger RNAs 1,2 . Low oxygen tension (hypoxia) represses cap-mediated translation by sequestering eIF4E through mammalian target of rapamycin (mTOR)dependent mechanisms [3] [4] [5] [6] . Although the internal ribosome entry site is an alternative translation initiation mechanism, this pathway alone cannot account for the translational capacity of hypoxic cells 7, 8 . This raises a fundamental question in biology as to how proteins are synthesized in periods of oxygen scarcity and eIF4E inhibition 9 . Here we describe an oxygen-regulated translation initiation complex that mediates selective cap-dependent protein synthesis. We show that hypoxia stimulates the formation of a complex that includes the oxygen-regulated hypoxia-inducible factor 2a (HIF-2a), the RNA-binding protein RBM4 and the cap-binding eIF4E2, an eIF4E homologue. Photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) 10 analysis identified an RNA hypoxia response element (rHRE) that recruits this complex to a wide array of mRNAs, including that encoding the epidermal growth factor receptor. Once assembled at the rHRE, the HIF-2a-RBM4-eIF4E2 complex captures the 59 cap and targets mRNAs to polysomes for active translation, thereby evading hypoxia-induced repression of protein synthesis. These findings demonstrate that cells have evolved a program by which oxygen tension switches the basic translation initiation machinery.
Here we describe an oxygen-regulated mechanism that mediates selective cap-dependent translation during hypoxia and eIF4E inactivation ( Supplementary Fig. 1 ). We began our investigation into this alternative mechanism of protein synthesis by examining the epidermal growth factor receptor (EGFR), a receptor tyrosine kinase that has a critical function in cell proliferation, tissue development and cancer 11 . Hypoxia activates the translation of EGFR mRNA through HIF-2a (ref. 12 ), a member of the HIF family of transcription factors involved in maintaining cellular oxygen homeostasis [13] [14] [15] [16] [17] . We speculated that HIF-2a might orchestrate a gene program that enabled the translation of EGFR mRNA during periods of eIF4E inactivation. We treated cells with transcription inhibitors to preclude activation of HIF-2a target genes during hypoxia, and found that hypoxia caused the accumulation of EGFR protein in a HIF-2a-dependent manner even in transcriptionincompetent glioma or primary cultures of renal epithelial cells ( Fig. 1a and Supplementary Fig. 2 ). The EGFR mRNA was captured by polysomes and translated de novo in hypoxic cells treated with actinomycin D (Fig. 1b , and Supplementary Figs 3 and 4 ). Silencing of HIF-2a abolished the association of EGFR mRNA with polysomes and prevented its de novo synthesis ( Fig. 1b ( Fig. 1a , b, and Supplementary Figs 3 and 4 ). In addition, ablation of HIF-1b, a protein required for HIF transcriptional activity, had no effect on hypoxia-inducible translation of the EGFR mRNA ( Fig. 1a, b , and Supplementary Fig. 3 ). HIF-2a, but not HIF-1a, was observed in polysome fractions of hypoxic cells, suggesting its direct involvement in the translational machinery ( Fig. 1c and Supplementary Fig. 5 ). RNA immunoprecipitation revealed that HIF-2a associates with the 39 untranslated region (UTR) of EGFR mRNA between nucleotides 4295 and 4861 ( Fig. 1d , Supplementary Fig. 6 and Supplementary Table 1 ). This segment was both necessary and sufficient to enhance the translation of a luciferase reporter during hypoxia in a HIF-2a-dependent manner even in the absence of transcription ( Fig. 1e and Supplementary Fig. 7 ). Silencing HIF-2a, but not HIF-1a, considerably decreased the rate of global hypoxic translation, highlighting its participation in hypoxic protein synthesis beyond EGFR translation ( Fig. 1f and Supplementary Fig. 8 ).
HIF-2a does not contain a classical RNA recognition motif; we therefore searched for potential interacting partners that could bind the EGFR 39 UTR. Immunoprecipitation revealed a band of 40 kDa specifically associated with HIF-2a that was identified as RNA-binding motif protein 4 (RBM4; Supplementary Fig. 9 ), a protein involved in translation control 18, 19 . Co-immunoprecipitation revealed that endogenous RBM4 interacted with the amino-terminal region of HIF-2a but not with HIF-1a during hypoxia ( Fig. 2a and Supplementary Fig. 10 ). Furthermore, RBM4 assembled with the EGFR 39 UTR in vivo and in vitro independently of oxygen tension ( Fig. 2b and Supplementary Fig. 11 ). Silencing experiments revealed that RBM4 is essential for HIF-2a recruitment to the EGFR 39 UTR ( Fig. 2b and Supplementary Fig. 11a ), the hypoxic induction of EGFR protein ( Supplementary Fig. 12 ) and the ability of the 4295-4861 EGFR 39 UTR segment to induce hypoxia-dependent translation of a reporter construct (Fig. 2c ). In addition, depletion of RBM4 caused decreased hypoxic cellular translation to levels similar to those observed in HIF-2a-incompetent cells ( Fig. 2d and Supplementary Fig. 13 ). Consistent with the RNA immunoprecipitation, multiple PAR-CLIP sequenced reads for HIF-2a-RBM4 and RBM4 concentrated at the same site within the EGFR 39 UTR 4295-4861 fragment that confers hypoxic translation on a reporter protein but not elsewhere in the transcript ( Supplementary Figs 14 and 15 ). The crosslink sites were near a CGG trinucleotide, a feature of RBM4-binding motifs 20, 21 
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disrupt the secondary structure and to abolish hypoxia-inducible translation of a reporter construct ( Fig. 2e , and Supplementary Figs  16 and 17 ). In addition, shorter segments of the EGFR 39 UTR that altered the secondary structure were unresponsive to hypoxia in luciferase assays ( Supplementary Figs 18 and 19) . Consistent with the 35 S-labelling experiments, a wide array of mRNAs interacted with the HIF-2a-RBM4 complex ( Supplementary Fig. 20a , Supplementary  Information and Supplementary Table 2 ). Similarly to EGFR mRNA, multiple sequenced reads for HIF-2a-RBM4 and RBM4 concentrated at the same site near CG(G) nucleotides in most candidates (Supplementary Fig. 20b, c) . Several PAR-CLIP candidates were validated for HIF-2a-dependent hypoxic induction ( Supplementary Figs 20c  and 21 ). We suggest that RBM4 binds to specific regions in the 39 UTR of mRNAs to recruit HIF-2a and induce hypoxic translation. These RNA sequences are referred to as rHREs.
A key characteristic of the EGFR rHRE is that it confers hypoxiainducible translation to several unrelated 59 UTRs that are otherwise unable to initiate translation during hypoxia (Fig. 3a) . We therefore suspected that the rHRE might exploit the cap, because it is a common feature used by the 59 UTRs of mRNAs to initiate protein synthesis. The RBM4-HIF-2a complex of hypoxic cells was captured by m 7 -GTP beads ( Supplementary Fig. 22 ). Immunoprecipitation experiments showed that HIF-2a-RBM4 specifically assembles with the capbinding protein eIF4E2, a homologue of eIF4E ( Fig. 3b and Supplementary Fig. 23a, b) . We therefore reasoned that eIF4E2 is recruited by HIF-2a-RBM4 to activate selective cap-dependent translation of rHRE-containing mRNAs during hypoxia and inhibition of eIF4E by 4E-binding protein (4EBP) 6, 22, 23 . Immunoprecipitation revealed that 4EBP has more affinity for eIF4E than for eIF4E2, which is consistent with previously published results ( Supplementary Fig. 23c) 24, 25 . Silencing of eIF4E2, but not that of eIF4E, prevented the binding of HIF-2a-RBM4 from hypoxic cells to m 7 -GTP beads (Fig. 3c) . In addition, ablation of eIF4E2 prevented the hypoxic induction of multiple proteins identified by PAR-CLIP, including EGFR, whereas silencing of eIF4E had no discernible effect ( Fig. 3d and Supplementary Figs 20b  and 24 ). Ablation of eIF4E2 prevented the capture of rHRE-containing mRNAs by polysomes ( Fig. 3e, and Supplementary Figs 25 and 26) . The HIF-2a-RBM4-eIF4E2 complex also recruited the RNA helicase eIF4A, a fundamental component of translation initiation 26 (Fig. 3b and Supplementary Fig. 23b ). Taken together, these results demonstrate that eIF4E2 is a member of a hypoxic translation initiation complex that mediates selective cap-dependent protein synthesis independently of eIF4E. Figure 3d shows that eIF4E might be involved in the translation of mRNAs coding for EGFR, platelet-derived growth factor receptor a (PDGFRA) and insulin-like growth factor 1 receptor (IGF1R) during normoxia. This raises the intriguing possibility that the cap-dependent translational machinery switches from eIF4E to eIF4E2 as a function of oxygen tension. This oxygen-dependent switch was clearly observed between eIF4E and eIF4E2 in polysomes: eIF4E participation in the translational machinery was essentially limited to normoxia, and eIF4E2 participation to hypoxia (Fig. 4a, and Supplementary Figs 27  and 28 ). Ablation of HIF-2a abolished the hypoxic shift of eIF4E2 to polysomes, attesting to the role of HIF-2a as the oxygen-regulated subunit of the eIF4E2-RBM4-HIF-2a complex (Fig. 4a , and Supplementary Fig. 27c ). In contrast, treatment with rapamycin, an inhibitor of mTOR and eIF4E, prevented the accumulation of eIF4E in normoxic polysomes but had no effect on eIF4E2 ( Supplementary  Fig. 27e ). Treatment with rapamycin, or silencing of eIF4E, significantly decreased the expression of rHRE-containing reporter mRNAs in normoxia but had no effect in hypoxia ( Fig. 4b and Supplementary Fig. 29 ). Silencing any of the participants of the HIF-2a-RBM4-eIF4E2 cap-binding complex prevented the translation of rHRE-containing mRNAs in hypoxia but not in normoxia. Silencing of eIF4E decreased the rate of cellular protein synthesis in normoxia but had no effect in hypoxia ( Fig. 4c and Supplementary Fig. 30 ). In stark contrast, depletion of eIF4E2 considerably limited the global rate of hypoxic translation without affecting protein synthesis in cells maintained in normoxia ( Fig. 4c and Supplementary Fig. 30 ). These results demonstrate that oxygen tension regulates the cap-dependent protein synthesis machinery by switching from eIF4E-to eIF4E2-dependent translation in a HIF-2a-dependent manner ( Supplementary Fig. 1 ).
Here we have identified a selective cap-dependent translation initiation mechanism that operates independently of eIF4E and that targets mRNAs for protein synthesis during hypoxia. The results suggest that the HIF-2a-RBM4-eIF4E2 complex is extensively involved in coordinating the translation response to low oxygen availability and is therefore essential in cellular oxygen homeostasis. This complex probably recruits functional homologues of the canonical eIF4Edependent pathway, as well as distinct components, to initiate hypoxic protein synthesis. This process is regulated by the oxygen-sensing machinery first identified as the main regulator of the transcriptional response to hypoxia [13] [14] [15] [16] . A human population that recently migrated to the Tibetan highlands contains a point mutation in the gene encoding HIF-2a (EPAS1), further emphasizing the evolutionary role of HIF-2a in the adaptation to high altitude and low oxygen tension 27 . The target mRNAs code for proteins such as EGFR, PDGFRA and IGF1R that are implicated in the adaptive response to hypoxia as well as a wide variety of biological processes including development and cancer. The role of these receptor tyrosine kinases in human malignancy 
RESEARCH LETTER
is particularly well documented and they are at the centre of targeted therapy 11, 28 . EGFR is often overproduced by tumours that harbour a wild-type EGFR gene, suggesting that cancer cells hijack the eIF4E2 pathway for their proliferative advantage 29, 30 . The results shown here provide the foundation for further investigation of the adaptive properties of the basic protein synthesis machinery in response to environmental conditions.
METHODS SUMMARY
With the exception of the human renal proximal tubular epithelial cells (a gift from C. Kennedy), cell lines were obtained from the American Type Culture Collection and propagated as suggested and maintained in epithelial cell medium (ScienCell). Hypoxia was induced by incubation for 24 h at 37 uC in a 1% O 2 , 5% CO 2 and N 2balanced atmosphere unless otherwise indicated. Polysome analysis was performed as described previously 12 , with the addition that proteins were isolated by precipitation with trichloroacetic acid and analysed by western blotting. Generation of luciferase constructs, RNA isolation, polymerase chain reaction and polysome analysis are outlined in Supplementary Methods. All short interfering RNA, short hairpin RNA and adenoviral infections were performed with commercially available products and are further described in Supplementary Methods. PAR-CLIP analysis was performed as described previously 10 and is further outlined in Supplementary Methods. Statistical analyses were performed with paired twotailed Student's t-tests.
The protocols for the following are described in detail in Supplementary Methods: western blotting, radioisotope labelling, RNA immunoprecipitation and cap-binding assays.
